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An eq'll:ation is derived for the tlme rate 
of change of composition of a binary gas mixture 
of initially uniform composition by thermal dif-
fusion in an apparatus consisting of two chambers, 
one above the other, connected by a straight tube. 
The upper chamber is held at a given constant high 
temperature and the lower chamber at a given con-
stant lower temperatureo 
Using the thermal conductivity method of 
analysis the rate of change of composition in 
the lower chamber ha.s been measured for carbon 
dioxide-hydrogen mixtures for various composi-
tions, pressures and higher temperatures. 
From the experimental results and the de-
rived equation, values are determined for the 
thermal diffusion coefficient, the ordinary or 
concentration diffusion coefficient and the 
temperature exponent for these coefficients. 
Acknowledgment is due Professor R. G. Dickinson 
for suggesting the problem discussed in this 
thesis and for his direction of the work. 
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THE RATE OF THEID.ifAL DIFFUSION 
IN MIXTURES OF 
CARBON DIOXIDE .AND HYDROGEN 
A composition gradient will be developed by 
thermal diffusion in a gas mixture, of initially 
uniform composition, when it is subjected to a tem-
perature gradient. For a one-dimensional tempera-
ture gradient and for constant pressure, Chapman's 
(1) general diffusion equation for a binary mixture 
reduces to 
... ,... - v: ~ -A 
I 
F, ~ 
D [dF, '~ I JT] + Irr T Tg {I) 
'! • =average velocity of molecules of component 1. 
!:t. " " " " " " " " " " 2. 
F, -:::. mol fraction of component 1. 
F = " " " " " " 2. .t 
De= coefficient of ordinary or concentration diffusion . 
D -=- " r 
ti 
" 
" thermal diffusion. 
thermal diffusion ratio . 
z -= coordinate in the direction o:f the temperature 
gradient. 
T = temperature 
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Differential Equation for Thermal Diffusion in ~ Gas Layer 
For a layer of gas confined between two parallel sur-
faces each held at constant but different temperatures, 
Equation (1) becomes 
N r-. v = - ND [ J F1 -t tr: ) T] {~) I_, G. c)~ T -:Ti 
N :::: total number of molecules per unit volume at 
any given point in the layer. 
Equation (2) follows from Equation (1) by the assump-
tion that the thermal conductivity of the gas mixture is 
not changed by small changes in composition. Then the 
temperature gradient does not '.Change with time and conse-
quently N also is independent of time. Hence 
Also 
~ -= I- F Z I 
Equations (3) · and (4) substituted in Equation (1) 
yield Equation (2). 
(3) 
(-1-) 
Equation (2) gives the flux of molecules of kind 1 
across the layer. 
At any given point in the gas layer the mol fraction 
F 1 of component 1 changes with time. At time t the number 
of molecules of kind 1 in a given element of volume at 
height z (above the cold surface) is 
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At time t+dt the number is 
NF,~~· ·~ (a:t-c+J:t1 ~) 
- NF, J-r. "'<l ~ ( oJ' t,~) -t ~ "tJ ~ &fr:FJ .J.t- (5) 
Also the number of molecules in dx dy dz at time t+dt 
is equal to the number in the given element at the time t 
plus the number flowing in at the lower surface minus the 
number flowing out at the upper surface in the time dt. 
Then 
= NF,~Ja ~(JtJ~) + NFtY1 J.t~cio 
-8_; F, y, + 4(NF, 2'i)~ j d.t .4 -'cJ 
Equating (5) and (6) 




Equation ( 8) is the partial differential equation 
applicable to the thermal diffusion process taking place 
in a layer of gas confined between two parallel surfaces 
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and through which a temperature gradient is maintained. 
A solution of this equation is given in the appendix. 
The Problem of the Two Connected Chambers 
-- ----
In order to determine the expression for the rate of 
change of composition by thermal diffusion in an apparatus 
consisting of two chambers connected by a tube and contain-
ing a binary gas mixture of initial unii.form composition with 
the top chamber held constantl y at TH and the bottom chamber 
constantly at Tc , it is assumed that a steady state exists 
at all times in regard to the composition of the gas in the 
tube and that the compositions of the gases in the two cham-
bers are uniform at all times. By the assumption of the 
steady state in the tube it :i.s meant that the composition 
gradient in the tube always corresponds instantly to that 
required for thermal diffusion between the gases of the 
com.positions existing at any given instant in the two cham-
bers. (The validity of this assumption is examined in the 
appendix to this report.) The thermal conductivity of the 
tube material is assumed to be zero with no heat loss from 
the tube walls. The volume of the connecting tube is as-
sumed to be negligible in comparison with the volumes of 
the two chambers. 
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The following nomenclature is used: 
t -::: time, seconds. 
V -=:. volUiile, cc. 
N = total number of molecules per cc at temperature T. 
t' :flow of molecules of kind 1, molecules per sq . cm . 
per sec. 
Q. =heat flow, cal per sq . cm . per sec. 
p =pressure. 
a = cross sectional area of tube, sq cm. 
h :::. tube length, cm. 
Superscripts: o, oo ref er to time. 
Subscripts: 1 refers to the heavier component. 
2 refers to the lighter component. 
H, c, refer to hot and cold chambers. 
o refers to 0°0. and 760 mm pressure. 
Equation (7) gives for the steady state in the tube 
-j- (NFiJl",) =a 
d 
Integrating 
N c r. - con<tPht = ~ ,, _ , ..,, ...  
Equation (2) then gives for the flux of molecules of kind 1 
('!,) 
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Following Furry, Jones and Onsager (2), the variable z is 
next eliminated from Equation (9) and the dependence of the 
resulting coefficient on T established. 
From the definition of the thermal conductivity 
coefficient A the amount of heat Q flowing through the gas in 
the tube is · 
(10) 
Since a fullll.ctional relation between T and z will exist 
(11) 
Substitution of (10) and (11) in (9) gives 





Th e n 
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As stated previously the coefficient of thermal 
conductivity is asswned not to change with changes of 
composition. The heat flow through the gas from end 
to end of the adiabatic tube is constant and a function 
of the length and cross sectional area of the tube, the 
end temperature and >.. • Q is therefore a constant in 
Equation (12). Its magnitude is 
i TH Q (~H - {jc.) - C(h = ~ Ao r'dr 
r. To~ 
c. 
o~ .Sl.. I ).. 0 ( rli·~- ~ l+:s) h 11- ~ T..s ~ 0 
Let 
13 I =- -I+ 5 






The therraal diffusion ratio is practically constant 
with respect to pressure and temperature. (As shown by 
experimental data given later, See also references 3, 4, 
and 5.) Its value is a function of the composition of 
the mixture, but for small changes in composition it may 
be assumed to be constant without serious error. 
-7-.-
Integrating Equation {14) and substituting limits, 
the flux of molecules of kind 1 through the tube is 
{ts) 
Since the total number of molecules of kind 1 in the 
system remains constant, then, neglecting the volume of the 
connecting tube 
With ;Vc~!VH ~ ?;;~·there results the equation 
Let 
JHVc.. +I 
.b = 7: VH 




'[; represents a steady flow of molecules through the 
tube from the cold chamber to the hot chamber at any given 
time but changes instantaneously with the slow change of 
the concentrations in the two chambers. 
-8~ 
The change in the number of molecules of kind 1 in 
the cold chamber with time is equal to the rate of flow 
of kind 1 into the chamber, 
Integrating 
- '8 6 t-
;=; - F, 0 = ±. .£.,. k II Ni: V, (7;, -'/;;) + c e 
It:. I b T;_ 
At time t = 0 
h c. -=- F: d 
' 
/I 
- -'r A IH/~ c - b 
Then 
-Bb t;-
{J ~I~ JH) ( /- e Ne. Vc (TN-Tc) ) (20) Fic. - Tf = b Tc. 
Substituting the values of B and b, the exponent becomes 
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Equation (20} is the final expression for the rate of 
change of the composition of the gas in the cold chamber. 
As a check on Equation (20} the steady state condition 
at time t ::. 0e1 may be investigated. For the steady state 
the flux of molecules of kind 1 is zero. Equation (2) 
_then becomes 
Integrating and substituting limits 
Using Equation (17} 
Equation (20) reduces to Equation (23) at t 
Dividing Equation (20) by Equation (23) gives 
-c "t: 
= 1-e 
Equation (21) provides a relation for the determination 
of s and D0 c from experimentally determined values of c. 
Assume experimental values c and c1 for temperature3TH and T~ 
-10-
are available, then the expression for s derived from 
Equation (21) is 
{fJ I ~ + r;L{ ] 7j, - 7;_ 7;/(11s)_ ~ lrs c ~ v~ (il5) _ . .-- , 
C. ' f 
E T,, ~ ] 
~I -r;. r,,1+:_ ~ /-f'J 
..,.. K ~ 
~y~ 
To determine D01 Equation (20) is differentiated 
with respect to t, giving 
At t = 0 
e r:G) .:::: 
d t: ~-=o 
By definition 
Jer = .Dr. 
.:De:. 







Since kr is taken as independent of pressure and 
temperature, then DT is a function of pressure and tempera-
ture of the same form as De. That is 




From Equations (26}, (27), (28) and (21) 
T,,, - Tc. T:./+S (p ~ 
, 0 • - c:. 
T,.l+s_ 7:.l'f.S ~ D ' ~ 7i./ 
If c c v 0 ~ f ~Tc. 
From an experimentally determined value of s or 
a value of s from other sources and the experimental value 
of the initial slope, the thermal diffusion coefficient 
may be determined. 
Values of k r may be determined from experimental 
data by use of either Equation (22) or Equation (23). 
Then with D0 , known, the value of D41 results immedi-
ately from Equation ( 27) • 
Combining Equations (27) and (23) there is obtained 
the equati.on 
(3~) 
Using Equation (23), Equation (26) becomes 
(31) 
-12-
Two other expressions of use in reducing and checking 
experimental data are as follows: 
From Equations (23} and (22} 
b = I+ (az) 





A two-chamber apparatus was constructed as shown in 
cross section by Fig. 1. This consists of a pyrex glass 
hot chamber and a brass cold chamber connected by a pyrex 
glass tube. The hot chamber is provided with a thermo-
couple well and is surrounded by an electric furnace. The 
cold chamber contains a valve stem and disc>for closing off 
the connecting tube)and a stirrer. The stirrer drive shaft 
is brought out through a hardened steel lapped journal and 
bearing and provided with an oil-seal filled with vacuum 
pump oil. The cold chamber also contains a thermal con-
-13-
ductivity cell for followi ng the changes in composition 
of the CO~- H~ mixtures. The hot and cold chambers are 
provided with 1 mm inside diameter capillary connections 
for gas flow. The pyrex connecting tube is cemented into 
the brass flange which is bolted to the cold chamber. The 
gaskets in the cold chamber are either koroseal or neoprene 
except the valve stem packing which is graphited asbestos 
cordo Further dimensional data are given later. 
The wiring diagram and gas connections are shown in 
Fig. 2. The cold chamber is imm~rsed in a thermostatically 
controlled water bath up to the brass flange of the connect-
ing tube as indicated. The vacuum manometer and the two 
aspirators shown are mercury-filled. The first aspirator 
is for transferring the gas from either the cold or hot 
chamber to the second aspirator from which portions are 
then withdrawn for analysis in a Burrell precision type 
gas analysis apparatus, the CO~ being absorbed in 1\14 OH 
solution. 
The wiring diagram for the thermal conductivity cell 
follows the detailed discussion of this method of analysis 
given by Palmer and Weaver (6). The current through the 
circuit is standardized by adjusting a rheostat to obtain 
a balance across the first bridge circuit, the resistances 
in this circuit having been selected to give the desired 
current of about 0.4 ampere. The current control cell 
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consists of a 4-inch length of platinum wire of .0035-inch 
diameter stretched along the center of a 4-inch length of 
i-inch outside diameter by 3/8-inch inside diameter copper 
tubing. Glass caps cemented to the ends of the tube serve 
to seal in an atmosphere of air and to electrically insulate 
·and support the platinum wire. This cell is innnersed in 
the water bath. The high temperature coefficient of resist-
ance of the platinum wire provides the means for sensitive 
current adjustment. The two 10 ohm resistances in this 
bridge were "Ohmi te" and the third made of manganin wire. 
No. 18 ga. insulated copper was used for general wiringe 
The conductivity bridge circuit consists of two 10 ohm 
manganin resistances, a comparison cell similar to the 
current control cell, also placed in the water bathJand 
the conductivity cell in the cold chamber. A continuous 
slow stream of dry hydrogen is circulated through the 
comparison cell and out through a bubbling bottle. The 
conductivity cell in the cold chamber consists of a 4-inch 
length of platinum wire of about .002 inch diameter stretched 
along the center of a 4-inch length of 1/2 inch outside 
diameter by J/8 inch inside diameter copper tube which in 
t-q.rn is soldered in a recess in the inside wall of the cold 
chamber a s shovm in Fig . 1. The electrically insulating 
gas-tight joints f or t he conduct i vity cell consist of short 
lengths of koroseal rubber tubing compressed between bakelite 
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sleeves .as shovm in Fig. 1, which follows substantially the 
construction of the Shakespeare thermal conductivity unit 
described by Palmer and Weaver. Potentials were measured 
by a Leeds and Northrup type K potentiometer. 
No. 30 ga. chromel-alumel thermocouples were placed 
in the well in the hot chamber and at the upper and lower 
ends of the furnace as shown in Fig. 1. 
Experimental Procedure 
Following is the finally established experimental pro-
cedure: 
A COz- H~ mixture of the desired composition is first 
made up using cylinder gases dried by passing through 
activated alumina and the mixture stored in a small steel• 
cylinder for 12 to 24 hours before use. With constant 
furnace and water bath temperatures established and main-
tained over a period of several hours and with the connect-
ing tube valve in the cold chamber closed, the hot and cold 
chambers are evacuated to 2 mm Hg or less, t hen cha r ged to 
500 mm wi th the gas mixture, the chambers again evacuated 
and finally charged to a pressure about 10 mm Hg below the 
desired running pressure. The feed lines to the hot and 
cold chambers are then shut off and the potential drop 
across the conductivity bridge determined for the given 
pressure. More gas mixture is then admitted only to the 
cold chamber until its pressure is about 10 mm Hg above the 
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desired running pressure and the potential again determined. 
Before each potential reading, the standard cell current and 
the bridge current are checked. 
The connecting tube valve is then opened and the time 
noted. Readings of potential, time and bath temperature 
are then ta.ken as frequently as possible at the start of an 
experiment. Then later, thermocouple readings and cold 
chamber pressures are taken at intervalso 
After the conductivity bridge potential has attained a 
constant value over a period of at least an hour the connect-
ing tube valve is closed. 
At the time of charging the apparatus a 200 cc sample 
of the original mixture is drawn into the first aspirator 
chamber. Three to five analyses of this sample are now made 
using 30 cc portions. The aspirator chambers and the mani-
fold are now evacuatedo The major portion of the gas in the 
hot chamber is then transferred to the second aspirator cham-
ber and analyzed, using 20 to 30 cc samples, depending on the 
amount available to permit at least three analyses. The same 
procedure is then followed for the gas in the cold chamber. 
Calibrations and Preliminary Observations 
The current control bridge was found to be very sensitive 
and reliable. It was f ound necessary to place a 0.2 ohm 
slide-wire rheostat in series with the main control rheostat 
to make use of the available sensitivity. 
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A calibration curve for the thermal conductivity unit 
showing percent cot vs. millivolts drop acro·s-s the bridge 
is shown in Fig. 3. This curve is made up from the results 
of analyses made for later experiements. It was originally 
intended to determine such a calibration curve at the start 
of the investigation and use it for the determination of all 
gas compositions. However, it was found that the base point 
of the conductivity unit varied for some unascertained reason 
from day to day by as much as .4 mv. This variation is 
shown by the insert curves at the top of Fig. 3, showing the 
millivolt readings plotted against the percent COL as deter-
mined by absorption in NaOH for experiments No. 7, 10, 15 and 
18, being those made on 30% CO i,, mixture at 760 mm pressure. 
The variation of about ± 0~ 15 millivolt, as shown by these 
curves, corresponds to + 0.2% variation in co, content. 
Since the absorption method of analysis was believed to 
give greater accuracy than this, it was chosen as the stand-
ard for determination of gas composition and the thermal 
conductivity method used to determine the rate of change of 
composition. A straight line relation was used to convert 
change in conductivity bridge potential to change in percent 
COz. Over the range of composition of 4% COZ involved) 
the ma::x:imum deviation of the main curve of Fig. 3. at .. .30% 
co~ from a straight line is about 0.02%. 
The potential drop across the bridge was very sensitive 
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to changes in current through the bridge and to changes 
in bath temperature. A change of 1 milli-ampere in a 
total current of 360 milli-amperes causes a change of 
about Oo2 millivolt in the potential drop. (A change 
of 3% in the COa, content of 30% CO.it mixture results in 
a total of 2.5 millivolts change in potential.) A 
0.1° c. increase in bath temperature causes a 0.2 milli-
volt drop in bridge potential. This results no doubt 
from the fact that the current control and comparison cells 
follow the bath temperature more quickly than the conductiv-
ity cell inside of the cold chamber. Consequently, ef-
forts were made to hold the bath temperature within a range 
+ 0 of _ 0.01 c. 
The buret of the gas analysis apparatus was _c_alibrated 
at 5 cc intervals, using mercury. The pressure balancing ' 
chamber in the Burrell apparatus was reduced in size to 
about 40 cc so that it would be subject to the same range 
of water jacket temperature as the 30 cc sample in the 
buret. A stream of hydrogen was bubbled through the 
back chamber of the NaOH pipette to keep the solution 
saturated with hydrogen, since the residual gas after 
co~ absorption is hydrogen. 
The furnace for heating the hot chamber was made by 
winding 90 turns of No. 20 ga. chromel wire on a 3-inch 
inside diameter by 3-1/4-inch outside diameter copper tube 
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12 inches long. A layer of thin mica plus one layer of 
1/16-inch thick asbestos paper was applied to the tube 
before winding. Transite end plates and end ~ plugs 
were made as shown in Fig. 1. Insulation around the 
winding was 1-1/4-inch magnesia. The winding was pro-
_vided with a center tap,thus making two coils in parallel. 
Voltage control was by means of an auto transformer. 
The furnace required a total of 4.6 amperes a.c. at 62 
volts to maintain a temperature of 450° c. and 3.7 amperes 
Cl 
at 48 volts for 330 c. 
The temperature as measured inside of the top head 
of the furnace is 8° c. lower than that measured in the 
thermometer well of the hot chamber. The temperature 
just above the lower head of the furnace near the copper 
0 
tube is 16 C. lower than the hot chamber temperature. 
These differences apply for a 450° c. hot chamber tempera-
ture. For 330° C. these differences are 5 ° and 13 ° . 
One of the chromel-alumel thermocouples was compared 
with a previously standardized Pt.-10% Pt. Rh. thermo-
couple by inserting the two couples together in a single 
horizontal thermometer well about 8 inches deep in the 
center of a 1-inch die.meter horizontal furnace, 11 inches 
deep. The maximum variation of the chromel-alumel couple 
from the manufacturer's table of ¥1c:i.:.llivolt equivalents 
was 0.02 millivolt or 
430 ° c. 
0 0.5 c. for temperatures up to 
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The volumes of the cold and hot chambers were determined 
by weighing empty and filled with water. The cold chamber, 
made of brass, has an outside length of 7-1/2 inches, outside 
diameter of 3 inche's, inside length of 5 inches and inside 
diameter of 1-11/16 inches. Its net volurae, with connect-
ing tube valve closed, is 179.8 cc at 30° c. With valve 
open, the net volume is 181.0 cc. 
For Experiments No. 4, 5, 7, 8, and 9, the hot chamber 
was 2-1/2 inches in diameter and 7 inches long, with a vol-
ume at 450 ° C. of 468 cc (not including the volume of the 
connecting tube). The average diameter of the connecting 
tube, as determined by the weight of mercury held by a given 
length of the tube, was 1.312 cm. The tube length, includ-
ing the brass connecting flange, was 19005 cm. 
volume was 25.7 cc. 
The tube 
For Experime·nts Nos. 10 to 20, inclusive, the hot 
chamber v:olume at 450 ° C is 452 cc. The connecting tube 
diameter is 0.805 cm and the length, 15.87 cm. The tube 
volume is 8.1 cc. (Efforts were made to use shorter con-
necting tubes, but they required reducing the thickness of 
the lower insulating head to such an extent that the in-
equality in furnace temperature was increased to around 
50 ° c ·• ) 
Experiments No. 4 and No. 5 were run to determine 
the value of the stirrer in the cold chamber. For No. 4 
-21-
a 49.5% COA~50.5% Hz mixture was used with the stirrer not 
operating. For Experiment No. 5 the same gas was used 
after remixing by means of the mercury aspirator. The 
successive millivolt readings for the two experiments are 
shown in Fig. 4. The initial potential before opening the 
_valve for Experiment No. 5 was 0.11 millivolts higher than 
for No. 4. On the basis of · the results shown in Fig. 4 
the stirrer was not used in the experiments following No. 5. 
In Fig. 4 it will be noted that the curves drawn 
through the experimental points do not intersect the zero 
time axis at the initial millivolt readings. It was 
later realized that this was due to the relatively in-
stantaneous attainment of the thermal diffusion steady state 
in the connecting tube (see appendix A} increasing the co~ 
content in the lower end of the tube to 56% COZ (for a 49.5% 
CO~ mixture} so that a concentration diffusion in addition 
to the thermal diffusion occurs for a short time immediately 
after the connecting tube valve is opened. This difficulty 
was partly overcome by starting an experiment with the cold 
chamber pressure somewhat higher than the hot chamber pres-
sure so that a certain amount of gas swept up through the -
connecting tube upon opening of the connecting tube valve. 
The amount of gas swept up through the tube was first select-
ed to be equal to three times the connecting tube volume. 
This was later reduced to one-half of the connecting tube 
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volume. A time correction, first determined graphically 
and later corrected, if necessary, to obtain a constant 
value for the exponent in the rate expression, was applied 
to each experiment. 
~ from Experiments 
Twenty experiments in all were run, of which the re-
sults from the first six were discardedo The pertinent 
data are given in Table I, covering Experiments Nos. 7 to 
20, inclusive. The experimentally determined values for 
the CO~ content in the cold chamber, at various times after 
the opening of the connecting tube valve, minus the CO~con­
tent in the initial mixture, are plotted as points in Figures 
5 to 9, inclusive. The curves drawn in these figures are 
calculated by Equation (20), using the finally selected val-
ues of the exponent c to give the best fit in each case. 
The values of c, the time corrections used and the values 
of the initial slopes, are given in Table IIo 
All experiments were run with a cold chamber tempera-
0 0 ture of JO.O Co, or 303 K. 
The gas analyses in Table I are given to four signifi-
cant f i gures. While in most cases these are the averages 
of three to five fairly consistent values, there were enough 
disagreeing values obtained to cast doubt on the ultimate 
accuracy of the gas analysis method and apparatus. The best 
that can be said for these values is that they are probably 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































According to Equation ( 21) the exponent c should be in-
versely proportional to the pressure and directly proportional 
to the value of a/h, that is, connecting tube area divided by 
length. 
The results in Table III show that the exponent follows 
the pressure dependence fairly well from 760 mm to 500 mm, but 
-for the range extended to 300 mm the deviation approaches 10%. 
The dependence on tube dimensions is shown in Table rv. These 
variations, of course, include the experimental errors. 
Using Equation ( 25), values for 1 + s and D 0 c may be calcu-
lated from six pairs of values of c from Experiments Nos. 10 
to 18, inclusive. Of these, four pairs give values for l+ s 
within the kinetic theory limits of 105 to 2.0. The values 
are as follows: 
Experiment Pressure l "f- s 
Numbers mm 
11 and 13 300 1.59 0.48 
17 and 14 500 1.58 0.54 
10 and 15 760 1.50 0.55 
18 and 15 760 1.55 0.54 
Average 1.55 0.54 (last 3 values) 
The value of 1 + s for CO.i- H~ mixtures, given in the 
International Critical Tables, is 1.75, and of D0 , it is Oo55. 
The values for D0 T have been calculated using l+s = 1.55 
in Equation (29) and the results given in Table V. Also in 
this table are the values of k T calculated by Equation ( 22) 
-26-
TABLE III 
Ex. 1 Ex. 2 P, Pi -A ~ Percent 
p~ c, Variation 
7 8 757 302 2o51 2.58 T' 2.8 
7 9 757 512 1.50 1.55 r 3.3 
9 8 512 302 1.67 1067 o.o 
10 11 765 302 2.53 2.34 -7 .5 
10 12 765 501 1.53 1.48 -3 .4 
12 11 501 312 1066 1.58 -5.0 
15 13 760 299 2.54 2.32 -8.7 
15 14 760 509 1.49 1.52 +2.0 
14 13 509 299 1.70 1.53 -9.9 
18 16 760 JOO 2.53 2.28 -9.7 
18 17 760 512 1.49 1.52 + 2.0 
17 16 512 300 1.71 1.50 -12.2 
TABLE IV 
Ex. 1 Ex. 2 P, p .l. (~) , Percent c, l2:w Variation 
(~~ c~ P, 
7 18 757 760 2.21 2.01 - 9.0 
9 17 505 512 2.21 2.08 - 6.o 
8 16 302 JOO 2.21 2o26 + 2.3 
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TABLE V 
Ex. Initial Pressure Dor D o1 kr k 
No. Mixture mm Hg by by Eq. ( 27) T 
% coz Eq.(29) D0 '--=:. 0.54 Eq.{22} Eq.(23) 
7 , 30.7 757 . 037 .074 
10 29 .3 765 .043 .044 .082 .080 
15 30.2 760 .044 .044 .081 .082 
18 30.1 760 .042 0044 .081 .078 
19 49.9 761 .040 0044 .082 .081 
20 69.0 760 .029 .033 .061 .063 
9 30.7 505 .039 .075 
12 29.4 501 .042 .044 .082 .082 
14 29.9 509 .045 .045 .083 .082 
17 30ol 512 .044 .044 .081 .079 
8 30.7 302 .038 .075 
11 29 .J 302 .040 .043 .080 .080 
13 29.9 299 .039 .044 .082 .079 
16 30.1 300 .038 .044 .081 .078 
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and by Equation (23). Using th? values of k 1 from Equation 
( 23) and Doc. = 0. 54, the values of D () r are calculated by 
Equation (27) and given in the table. A comparison of 
the values of k T with other values taken from the li tera-
ture is made in Figure 10. 
Discussion of Results 
-----
The thennal diffusion coefficient given in Table V for 
Experiment No. 20 is much lower than that for Experiment No. 
19, yet the experimentally found coefficients for the rate 
equation are nearly the same for the two experiments. This 
may be clarified somewhat by a further examination of Equa-
tion (19) giving the rate of transport of constituent 1, in 
this case CO.<. , through the connecting tube. Equation (19) 
may be rewritten using Equations (13) and (27) 
The second tenn on the right gives the transport of CO~ 
down the tube due to the thermal diffusion and the first term 
the counter transport of CO% up the tube by concentration dif-
fusion. According to this equation the rate of transport by 
thermal diffusion alone is not a function of the change of con-
centration of CO~ in the two connected chambers and therefore 
does not change from the beginning to the end of a thermal 
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diffusion process. Exception to this must be taken, of 
course, in so far as k 1 and therefore Dor changes with 
change of concentration. (The change of k T is a matter 
of 10% or so for a 3% separation in the cold chamber for 
70% CO R.. mixture. For the range of mixtures from 30% CO.t 
to 60% CO~ the change is much less.) With a constant 
thermal diffusion rate the net separation in the final steady 
state when the thermal diffusion rate and concentration dif-
fusion rate are equal and opposite is determined only by the 
thermal diffusion rate. With a direct proportionality ex-
isting between the rate of thermal diffusion and the final 
net separation, as given by Equation {30), the time for 
thermal diffusion alone to occur in mixtures of a given 
pair of gases under given pressure and temperature condi-
tions is constant for all concentrations. The time required 
for a given fraction of the separation to take place in the 
actual combined thermal and concentration diffusion processes 
is therefore a function only of the concentration diffusion 
process. Since the concentration diffusion coefficient is 
rel~tively constant for changes in the proportions of a binary 
gas mixture (the extreme variation being "decidedly" less than 
13% according to Chapman (1) ) the time required for the 
actual thermal diffusion process should be independent of 
concentration. This is the result indicated by the previously 
given Equation (24). The half life periods for Experiments 
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Nos. 18, 19 and 20, covering a range of concentration, are 
as follows: 
Experine nt Initial Half Life 
Number % co.,.. Minutes 
18 30.1 39.8 
19 49.8 43 .4 
20 69.0 45.2 
If D 0 c. is constant then from Equation ( 30) 
The values of this ratio calculated by using the values 
ocO 0 for F1c:. - F1c, from Table I and the values of Dor from Table 
V,determined by use of the initial slopes of the rate curve$, 
are as follows: 
Experiment Initial Ratio 
Number ~ co 2:::: 
18 30.1 Oo82 
19 49.8 0.90 
20 69o0 0.96 
From these results the ratio is constant only to the 
order of plus or minus 10% of the average valueo 
Comparison of Experimental and Calculated 
Values of the Exponent c in the Rate Equation 
Table VI contains values of 1 + s calculated by Equation 
(21), using the experimental values of the coefficient c and 







































































































































































































































































































































































































































































































































































Equation (21) using 1 ~ s :::a.lo75 and D0 c.::: 0.54 and the ratios 
of these calculated values to the experimental values. 
Nine out of the fourteen calculated values of 1 + s are 
below the lower limit of 105 furnished by kinetic theory for 
elastic spheres, indicating that the experimental values of 
c are too lowo Low values of the coefficient c could result 
from the actual thermal diffusion rate being slower than that 
called for by Equation ( 20), by a lag in the experimental 
method used in determining the rate, or by error in the de-
termination of the temperature of the hot chamber. The 
effect of possible error in the temperature measurement may 
be disregarded immediately, since a drop of 30 ° C. in tempera-
ture of the hot chamber reduces the calculated value of the 
coefficient c by only 2%. If there were a serious lag in the 
thermal conductivity cell it is believed this lag wouid show 
up by a sagging of the experimental points below the exponential 
curves during the early part of an experiment in an amount 
proportional to the rate of thermal diffusion. Since the 
experimental points follow the exponential curves quite well 
in all cases it is believed there is no serious lag in the 
experimental method. 
If the twelve experiments run on the 30% CO~ mixture are 
arranged in the order of the value of the exponent there is a 
downward tendency in the ratio of the calculated to experi-
mental values of the exponent as shown by the following tabu-
lation: 
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Experiment Experimental Cale. Value of c 
Number Value of c Expt. Value of c 
8 0 , 00150 1022 
9 .00090 1.22 
11 000068 1.24 
16 .00066 1026 
7 .00058 1.26 
13 .00058 1.22 
17 .00044 1.11 
12 000043 1.18 
14 .000.38 1.09 
10 .00029 1.15 
18 .00029 1.13 
15 .00025 1.11 
This would indicate, as might be expected, tbat the 
theoretical rates are attained only at very slow rates, 
that is, for large values of the ratio of length to cross 
sectional area of the connecting tube. However, this 
conclusion is not supported by Experiments Noso 19 and 20 
for the mixtures richer in COz which have values of c 
lower than any of the above and yet show high ratios of 
calculated to experirr.ental values of c. 
Application of Equation {20) to the 
Data of Schmahl and Schewe 
·Experimental data on the rate of thermal diffusion 
at JOO mm pressure in one mixture of CH., and H" and one 
mixture of CO~ and CO are given by Schmahl and Schewe(4) 
They used a two-chamber glass apparatus in which the diameter 
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of both chambers was 2 cm. The length of the hot chamber 
was 21 cm and of the cold chamber 7 cm. · The connecting 
tube, containing a stop-cock, was 0.5 cm inside diameter 
and 12 cm long. The value of connecting tube length 
divided by cross sectional area is 61.2 for the apparatus. 
The higher temperature was 500°Cand the lower temperature 
21°C. For each gas mixture a series of tests were run, 
each for a definite period of time, after which the connect-
ing tube stopcock was closed and the gases in the two 
chambers analyzed. 
The data are shown in Figures 10 and 11. The curves 
drawn for the CHi - H~ mixture were calculated using Doc.= 
o.625 and for the COL - CO mixture D0 c.-=- 0.137, as given by 
the International Critical Tables. The data are not suf-
ficiently consistent to permit any evaluation of the expon-
ent 1 + s. However, use of the value of l+ s =1.75, as 
given by the International Critical Tables, would give 
rate curves that are in fairly close agreement with the 
experimental data. 
The results of Schmahl and Schewe are included here 
since they show the wide range of values of D 0 c:.. over which 
the use of Equation (20) gives reasonable rate curves and 
also because they indicate that for the larger ratios of 
connecting tube length to cross sectional area the actual 
rate of thermal diffusion may be expected to agree with 
that given by Equation (20). 
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Comments _£!! the Design and Operating 
Characteristics of the Apparatus 
In their discussion of the thermal conductivity method of 
gas analysis, Palmer and Weaver (6) state that the thermal 
conductivity cell and the comparison cell should be placed 
in the same metal block to insure both cells being at the 
same temperature. This procedure was not followed because 
of the complexity thus involved in the design of the cold 
chamber, it being assumed that sufficiently close control 
of the water bath tem:i;:erature could be obtained to keep the 
two chambers always at the same temperature. However, it 
was found that changes in bath temperature of the order of 
! .02 c. caused appreciable changes in the potential across 
the conductivity bridge. This is illustrated by the oscil-
lation of the experimental points in Experiment No. 18, shown 
on Fig. 8, in which the thermostat was hunting. For any 
experiments on gas mixtures for which the total change of 
bridge potential may be of the order of 1 millivolt, it 
would be essential that the comparison cell and also the 
current control cell be built into the wall of the cold 
chamber. 
The gas analysis apparatus and method were not good 
enough to giwe the desired degree of accuracy of a few 
hundredths of a percent. The buret was of too large a 
diameter for the small samples used. If the absorption 
method is to be retained, an apparatus designed around a 
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10 cc buret should be used. 
For mixtures involving H~ or CH.,_ the gas density method 
could be used to advantage, assuming the gases used in mak-
ing up a mixture were thoroughly purified before use. The 
gases to be analyzed could be transferred from the reaction 
chambers to t he density measuring chamber by means of a 
mercury-filled aspirator and the necessary pressure adjust-




DERIVATION OF AN EQ.UATION FOR THE RATE OF THERMAL 
DIFFUSION IN AN INFINITE LAYER OF A BINARY GAS MIXTURE 
SUBJECTED TO A TEMPERATURE GRADIENT THROUGH THE LAYER. 
The partial differential equation set up previously, 
Equation (8), is as follows: 
(1 A) 
Transformation of this equation is accomplished by use of 
Equations (11) and (12a), which are given below. 
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As discussed previously, k.,-is ta.~en as constant 
with regard to pressure, temperature, and small changes 
in composition. Also the temperature gradient is assumed 
not to change with time so that the molecular density N 
at any point in the layer is constant with time. 
Using Equations (2A) and :. C3A),Equation (lA) is trans-
formed as follows: 
J F, Q :,c CJN}), [ 1-e: }J) {4,A) N h - Jr + A 1' 
Carrying out the indicated differentiation 
Using Equation ( JA) 
-a- I- s 
Q ])o c. (- T ) {fo - E T I- 5 A; To · <f 
From kinetic theory the value of s for elastic spheres 
is 1/2 and for Maxwellian molecules with a repulsive force 
index of 5 the value of s is 1. Actual gases lie in between 
these limits (?) (8). 
For s = 1, Equation (5A) becomes 
d G _ £ [ J.,F, _ ~ T ] 
dt: - J T>- T ..... (6A) 
Kor s : 1/2, Equation (5A) becomes 
l/f = E T-t [ J,,F, - !.:: ] 
tJ-c JT...... Tl.. (7A) 
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time 
The solution of Equation (6A) follows: 
At time t : co the steady state is reached, at which 
J F, - "" TE - "" 
Then from Equation (6A) 
Integrating 
The flux of molecules of kind 1 as given previously 
by Equation ( 2) is 
(1A) 
In the steady state this flux is zero, so that 
J F, -ltr Jr 
~ = -r-~ 
Integrating 
{!tA) 
The constant c 1 in Equation (9A) is then zeroo 
The integration of Equation (6A) is to be for the case 
of an infinite horizontal layer of gas, a binary mixture of 
thickness h, initially of constant composition with the upper 
surface of the layer held at the constant temperature TH and 
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the lower surface at T~ • It is assumed that the tempera-
ture gradient exists in the layer at the initial instant. 
The boundary conditions are then 
1. At time t = o 
} F.L - o 
0 'a 
2. At t -::. oe 
&:~=-A LT -+Cz._ 
I I I 
3. The total number of molecules of each 
kind is constant. The molecular density 
at any point in the layer is constant 
since the temperature gradient is assumed 
to be constant. 
4. The flux of molecules a t each end of' the 
tube is zero due to the closed ends. 
From Equati on (lOA) 
J F, -=- - "1,. Jr J ~ = o) d = h . 
ad 7 Jd 
To determine the const ant of integr at ion in Equation 
(llA) the condition is used that the total number of mole-
cules in the layer of gas is constant. 
Let F 0 _ mol fraction of component 1 at t = 0. I 
N - total molecules per unit volume at height z. 
It If 
" " " " z = O. 
The total number of molecules of kind 1 at t = 0 per 
unit of horizontal area is 
-41-
At any height z 
_AJ.so from Equation (10) and Equation (JA) 
TJ.( 
Then 





At t = oo the total number of molecules of kind 1, using 
Equation ( llA) / /.$ 
Making substitutions as above, integrating and substituting 
limits 
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Equating {12A) and {13A) 
Using this value for c Z , Equat i on { llA) becomes 
The integration of Equation (6A) is accomplished by 
the standard procedure as follows: 
-±] T'& 
Let F / = u.,(r; t.) -t f (T) 
Then 
J t,(... [ ,)>.,_ :J "l-tP h] d t: - £ dT,_ + .:-. ~Ta.. T .... 
Let ~ = - .l-r T T 'L 
Then by integration 
? (T) ":. -"r A r + c I r + c 2. 
and 
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Assembling terms as required by (16A) and using c
1 
= 0 
and c ~ from Equation ( 14A) 
Differentiating Equation (17A) 
i. I )T 
- rr <>~ 
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To meet the fourth boundary condition given previously: A111 = 0 
at then 
The values of B'>lo\ are determined by Fourier expansion 
in a cosine series. The general expressions for the 
coefficients are 
(11A) 
Then for the present case 
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Integrating Equation (20A) and substituting limits 
~ - 0 ~ -
Values for 13 lt-\ are determined as follows: 
~?tt ::: __&__ j r,,. lk r .t.. I - Jr A J .coa ?1t7T(7:.T;J. ,J. r 
JH - "TG. [' "' -Tc. Tc,. 
Where A - TH k ~ Tc.. h T;_ - I 
~ - '7G. 7N -Tc. 
Integrating by parts 
{Z IA) 
Substituting limits in the 1st term reduces it to zero. 
Expanding the 2nd term of Equation (22A): 
~ 'Ht 'Tr Ir:.. ~ 1147[' T 
TH- Tc- "1 -Tc.. 
" ...[si~ u du sine integral = Si (u) 
() 
()0 
-Jco~ u du - cosine integral =Ci (u) 
x 
The final solution for Equation (6A) is then: 
'4'1.. ,.,,,,, .,,-( r- zc. ) 
JN. -Tc 
(Z"fA) 
Where .B~is given by Equation (24A) and E is evaluated 
by Equation (2A) and (3A) as follows: 
E= I 
T.. '-' 0 
- I A. { "T''l._-r~) 
- - - '11 'c. z 7; 
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The exponent then has the value: 
The composition-time curve for a 50-50 carbon 
/4 'f ~,... 
dioxide-hydrogenAat one atmosphere pressure, 15.87 cm 
thick, with the upper surface held at 600° K. and the 
lower surface at 300° K, is calculated in the following. 
The values of k 7 -=- 0.083 and D0 , = 0.550 are used. 
The value of the exponent is 
The constant term in Equation (25A) is: 
For TI+ = 600° f( . and Tc, =. JOO ° K., the second term 
of B)l!t, as given by Equation ( 24A), becomes zero, then 
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Using values of the sine integral, tabulated by 
Glaisher (9), the numerical values of the coefficients 








B3 - -.002760 







B7 - -.000513 
B8 - -.000130 
numerical coefficients inserted, 
- o .o l-4."' 'l-
- 0 , D 0 I C/ 5° 
-o, ooo S2-
Cc:n. 'lr(r- 300) 
'30 0 
~ ~7rl r-Jt>o) 
3 00 
ec,,,_ "3 7r ( "'r- J Oo) 
300 
~lr( T-300) 
'3 0 0 
~ - -- - ---
- o. o ~ J h r + 1, o o s s-
-49-
Equation ( 25A) 
-t>,D.5"8' Z. #e 
I e 
-0,23 'r'f t: 
-o . s2 .,.,_ I!:" 
. e.. 
The calculated results for various temperatures are 
shown in Figure 13 as composition versus time curves, and 
in Figure 14 curves of compositions, throughout the layer 
at given periods after the start, are shown. It is to be 
noted from this latter figure that the change from the 
initial assumed conditions of uniform composition to the 
final steady state condition is practically complete in 
sixty seconds. Therefore the assumption made previously 
that the steady state condition exists at a ll times in the 
connecting tube of the two-chamber apparatus seems reason-
ableo 
The variation of the coefficient of thermal conductivity 
).. given by Equation ( JA) and the assumption of s = 1 
hy 
establish the temperature gradient as givenAthe following: 
(27A) 
As a point of incidental interest, for the temperature 
gradient given by Equation (27A) half of the total number of 
molecules in the layer are above and half below the mid-
temperature plane, in this case 450Q K. This plane is situ-
ated 41.6% of the distance from the lower to the upper surfaces 
of the layer. Figure 14 shows that the mid-temperature 
plane is not a point of symmetry and in fact, according to 
this solution of the problem, no stationary point of sym-
metry exists for the thermal diffusion process. 
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The assumption of s =: 1/2 for hard spheres gives 
Equation ( 7 A) • 
The solution of this equation by the general method 
given by Karman and Biot (10) is as follows: 
The evaluation of the constants A 1'f and B">r to fit 
the boundary conditions was not accomplishedo 
-51-
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PROPOSITIONS 
1. The rate of thermal diffusion in a two-chamber 
2. 
apparatus is affected by the nature of the tempera-
ture gradient in the connecting tube. 
In a hydrocarbon gas mixture, such as a natural 
gas, the ethane and heavier constituents may be re-
moved by scrubbing w·ith butane at a temperature 
above the dew point of the natural gas for given 
pressure conditionso 
3. The development of an econimical process for 
4. 
the synthesis of ethane from methane is an important 
research problem. 
A bubble-point pressure versus temperature curve 
for a multicomponent hydrocarbon mixture can be de-
termined by measurement of the Joule Thomson effect. 
5. A high compression temperature may be developed 
in a Diesel engine without a concurrent high com-
pression pressure. 
6. Jacobs and Collins (Jl. Applied Physics, Vol. 11, 
No. 7, pp 491-95, July, 1940) discuss the efficiency 
of heat exchangers for hydrogen liquefaction in terms 
of terminal temperature differences. Such a criterion 
has little significance if liquefaction is occurring 
in the high pressure channel of the heat exchangero 
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THERNAL DIFFUSION APPARATUS 
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